Occipital horn syndrome (OHS), an X-linked connective tissue disorder, has recently been shown to result from mutations in the Menkes disease gene (MNK), which encodes a copper-transporting ATPase. By Southern analysis we detected a small deletion in a region 5′ to the MNK gene in one patient with OHS. Genomic clones from an unaffected individual were isolated and sequenced, revealing three tandem 98 bp repeats situated upstream of the reported transcription start site, and analysis of the patient's DNA showed a deletion of one of the repeats. The deletion is likely to be responsible for the disease in this patient, as it was not observed in 110 unaffected individuals analyzed, and no other mutation in the patient was detected by RT-PCR and chemical cleavage mismatch analysis or by cDNA sequence analysis. The deletion is associated with a dramatic decrease in expression of a chloramphenicol acetyltransferase reporter gene, implicating the repeat sequences in regulation of MNK expression, although a quantitative analysis of MNK mRNA from a cell line derived from the patient shows no detectable reduction. Other experiments revealed no effect on the site of transcription initiation, termination or on splicing.
INTRODUCTION
The X-linked disorders occipital horn syndrome (OHS) and Menkes disease profoundly differ in their clinical presentation but are both the result of mutations in a gene encoding a copper-transporting P-type ATPase (MNK) (1) . Menkes disease results from mutations that cause debilitating effects on the MNK protein, such as deletions, nonsense mutations, frameshifts and mutations in the invariant splice junction sequences (GT and AG) (2) . These mutations are associated with the classic, severe Menkes phenotype, which includes neurological degeneration and death in early childhood, resulting from a global deficiency of copper (1) . In contrast, the three reported OHS mutations and one mild Menkes mutation lie adjacent to the invariant splice sequences in the flanking conserved residues which form the splice donor and acceptor sites (3, 4) . These defects reduce the efficiency of normal splicing, resulting in very reduced levels of otherwise normal mRNA. OHS is a mild connective tissue disorder characterized by lax skin, bony abnormalities, hernias and bladder diverticulae, stemming from deficiency of the cuproenzyme lysyl oxidase, with little or no neurological impairment (5, 6 ). Thus we hypothesize that in OHS, lysyl oxidase may be more susceptible than other cupro-enzymes to reduced amounts of copper consequent to reduced levels of the copper-transporting ATPase (3) .
Another mechanism which could lead to a decrease in expression of the MNK protein involves mutations affecting promoter or enhancer activities. Such mutations have been described for other genetic disorders, e.g. β-thalassemia, hemophilia B and retinoblastoma (7) . The regulatory elements for the MNK coppertransporting ATPase gene have not been defined. We report the cloning and sequencing of the 5′ upstream region of the MNK gene and the finding of a small deletion in this 5′ sequence in a patient with OHS. Our analysis of this deletion has led to the discovery of three novel tandem 98 bp repeat sequences, which are probably necessary for the proper expression of the MNK gene in humans.
RESULTS

Clinical and laboratory findings on the patient
A thin, 32-year old man was noted to have loose finger joints, a hyperextensible back, prominent conjunctival vasculature, prominent veins and redundant skin folds on the plantar surface of the feet, loose 'velvety' skin, easy bruisability limited to his feet, easy fatiguability and frequent exercise-induced cramping of his legs and feet. The patient has had repeated bladder diverticulae and an inguinal hernia. X-rays revealed a small occipital horn, but no abnormalities in the clavicles. The plasma ceruloplasmin and copper levels were low and low-normal, respectively. The patient has a healthy five year old son and three healthy brothers, all of them have several healthy children. A sister, with 'vein trouble' *To whom correspondence should be addressed Figure 1 . Southern blot analysis indicating a small deletion in DNA of the OHS patient. Genomic DNA from patient (93-104), and control (4X and S1676) cell lines was digested with BglII and PvuII and hybridized to a 5′ 155 bp MNK cDNA probe. Bands exhibiting small size differences in the patient samples are indicated by an arrow. λDNA digested with HindIII is the marker (lane M).
in her legs which led to a unilateral amputation, has two sons, one having bilateral hernias in his teens and the other having very loose skin and hyperextensibility. The family members were not available for study.
Cell cultures of skin biopsies (line #RS-93.1) and Epstein-Barr virus-transformed lymphoblastoid cells (#93-104) were prepared from the patient as described. Copper accumulation, as measured by atomic absorption (8) , was assayed in lymphoblastoid cells, and the patient's cells exhibited a 4-to 6-fold increase over the control cell lines. Based on these findings, the patient was given the diagnosis of OHS. This patient has not been reported previously.
Observation of a deletion by Southern blot analysis
Southern blots of the OHS patient's genomic DNA digested with eight different restriction enzymes were probed sequentially with three MNK cDNA probes encompassing the open-reading frame (9) . No changes were found with probes from the central or 3′ portions of the cDNA (probe 7.2.2 or β8.1 respectively; data not shown); however, with a probe (8.2.4) encompassing the 5′ region, the 3.5 kb BglII and the 7.0 kb PvuII bands were found to be slightly smaller in the patient. Rehybridization of the same blot with a 155 bp probe which includes only the 5′-untranslated region and the first 19 bp of the open-reading frame showed the same alterations (Fig. 1) . These findings suggested a small deletion in the 5′ region of the MNK gene in this patient.
Isolation and sequence analysis of genomic clones containing the MNK 5′ region
A genomic clone from a X-chromosomal specific library was isolated by screening with the 155 bp 5′ probe and found to contain the 3.5 kb BglII fragment. The BglII fragment was sub-cloned and partial sequence was obtained as described in Materials and Methods and as shown in Figure 2 . The sequence includes 1336 bp 5′ to the reported transcription start site, 124 bp of exon 1, all of which is untranslated, and 352 bp of the intron 3′ to exon 1.
Although a TATA or CAAT box is not found in proximity of the transcriptional start site, the sequence has features of a CpG island. CpG islands, regions of DNA associated primarily with the transcription start sites of widely expressed genes, are defined as having a G+C content >50% in at least 200 bp around the transcription start site and the frequency of observed CpGs equalling that of the frequency expected (10, 11) . A portion of the MNK 5′ region (position -276 to +20), having a composition of 63% G+C and equal number of CpGs and GpCs, fits these criteria. Two potential binding sites (GGGCGG) for the transcription factor Sp1 (12) are located in the island. Two TATA boxes (TATAAA), preceded by a potential ATF-binding site (a cAMP-response element, TGACGTC; 13), are located ∼750 bp upstream of the start site, however we have no evidence that transcription is initiated here (see below).
The most notable feature of the upstream region is the unexpected presence of three 98 bp tandem repeats located 343 bp 5′ of the reported transcription start site (9) . A few differences in the sequence of the three repeats were observed and are noted in bold in Figure 2 . Several potential binding sites for transcription factors are found in the repeats, including three near-perfect AP-1 sites (TGACTTA, with TGACTCA being the canonical AP-1 site; 14) and five E-boxes (CANNTG; 15). In addition, the two sequences spanning the junctions of the repeats (TTGGCA) are the reverse complements of the core binding site for CTF/NF-1 (16) . We also note three potential metal response elements (MREs), overlapping the E-boxes in the repeats, (TGCACGT with TGCRCNC being the consensus sequence; 17,18). These sites have not yet been tested for their effects on MNK expression.
Analysis of sequence in the OHS patient
PCR amplification of the patient's DNA (see Materials and Methods) revealed an ∼100 bp deletion of the upstream sequence by gel analysis. Sequencing of the PCR products further showed that precisely one of the three 98 bp tandem repeats is deleted in the patient's DNA (Fig. 2) , probably resulting from homologous recombination between misaligned repeats. The exact boundaries of the deletion could not be determined, due to the similarity of the repeats, but the few sequence differences allow the exchanges to be positioned between positions -521 and -403.
Two strategies were used to assess whether this small deletion was the cause of the patient's disease. First, DNA samples from 110 unaffected individuals, of both sexes, were analyzed by PCR and none were found to have this deletion. This result suggests that the deletion is not a polymorphism, although the possibility that it is a rare neutral variant cannot be ruled out. Second, the patient's MNK cDNA, prepared by RT-PCR, was screened for other mutations in two ways. The complete coding region was sequenced, and no nucleotide changes were found. In addition, amplified segments were screened for mutations by chemical cleavage as described previously (2), and no changes of PCR-product size, indicative of splice site mutations, were observed. Thus, our evidence suggests that this mutation is found only in the patient with OHS, and that the patient has only this mutation in the regions of the gene assayed. (9) , and the vertical arrow indicates the end of the first exon. Other start sites of transcription, as determined by 5′ RACE, are indicated by asterisks (*) and plus signs (+) in the normal and patient samples, respectively. The tandem 98 bp repeat sequences are shown by an underline with an arrowhead. The deleted region in the OHS patient is shaded. Please note that the exact boundaries of the deletion cannot be determined; sequence analysis of the patient's DNA shows a T at position -521 and an A at position -397 indicating the farthest 5′ and 3′ recombination breakpoints. Potential transcription factor-binding sites, as described in the text, are boxed. The GenBank accession number for this sequence is U59314.
Effect of the deletion on expression of a reporter gene
To determine whether the deletion of one of the three repeats could affect gene expression, a series of reporter gene constructs were made and tested. Portions of the 5′ region of the MNK gene were PCR-amplified from patient and control cell lines and were inserted in front of a chloramphenicol acetyltransferase (CAT) coding sequence and CAT protein was measured by an ELISA assay (Fig. 3A) . Almost identical levels of CAT were produced from plasmids containing either two or three repeats when the constructs extend from just before the repeats through exon 1 (Fig. 3B) . In contrast, no CAT is produced in a construct including an additional 242 bases 5′ to the repeats if only two repeats are present, whereas constructs with the three repeats yielded ∼75% of CAT activity in the other constructs. These findings suggest that the presence of three, as opposed to two, repeats is probably needed for proper expression of the MNK gene in the context of a larger region of genomic DNA. The formal interpretation of this finding is that the more upstream sequences exert a negative effect on transcription which can be relieved only if three, but not two, of the repeats are present.
Effects of the deletion on gene expression in the OHS patient
Studies were done to assess the effects of this deletion on expression of the MNK gene in cell lines derived from the patient. A northern blot containing poly(A)+ RNA isolated from both fibroblast and lymphoblastoid cell lines from the patient and a control individual was hybridized to 5′ and central probes (8.2.4 and 7.2.2, respectively) as described in Materials and Methods. Although no striking difference in either size or abundance was observed between control and patient's MNK transcript, a more quantitative assessment was undertaken. A densitometric analysis of serial dilutions of total RNA on a northern blot hybridized to MNK and β-actin control probes also confirmed the presence of comparable levels of MNK transcripts in both normal and patient's cells (see Materials and Methods, data not shown).
Thus a series of experiments were performed to investigate whether a more subtle change exists in the MNK transcript of the patient. First, we considered that the deletion could affect either the start site of transcription or the splicing of the initial exons. (Only the initial exons were considered, since aberrations in splicing of the coding exons had already been ruled out by the RT-PCR experiments described above.) A 5′ RACE procedure (19), initiated by a primer in exon 5, was used to address both questions. Multiple overlapping transcription initiation sites were observed within a 65 bp region in both the control and patient samples, as shown in Figure 2 , and we do not regard the differences in these to be significant. In addition, an alternatively spliced, untranslated exon (exon 1A, Fig. 3) , located between published exons 1 and 2 (Dierick,H., Glover,T. and Mercer,J., pers. comm.), was found to be incorporated in 25% of transcripts in both normal and patient samples as determined by cloning and sequence analysis. Thus, by RACE no significant difference could be found between patient and normal samples in either the site of transcription initiation or in the pattern of alternative splicing of 5′ exons.
Second, we considered whether the deletion could somehow lead to aberrant termination of transcription and polyadenylation in the MNK transcript of the patient. A 3′ RACE protocol (19) was used to detect possible differences in transcript length or polyadenylation sites. No difference between the 3′-ends in the patient and control samples was observed in this experiment, but it did lead to an unexpected finding. Previously it was noted (20) that the MNK transcript lacks the canonical polyadenylation signal within 15-40 bases of the poly(A) tail but one does exist 462 bp 5′ to the end of the transcript (9) . Using primers 5′ to this site, we found that 90% of the cloned RACE molecules, in both control and patient samples, end 19 bp from the U in this AAUAAA motif and the poly(A) tract is added at the most commonly reported CA dinucleotide. The remaining 10% of the clones end at the previously published site. The sequence downstream from the AAUAAA site also consists of a very Uand G-rich region, which is putatively involved in the assembly of the pre-mRNA cleavage complex (21) .
DISCUSSION
We report the sequence of the region 5′ of the MNK gene and describe three 98 bp tandem repeats which contain a number of potential binding sites for known transcription factors. We demonstrate that the upstream region will promote transcription, as assayed by expression of a CAT reporter gene. We found that one of the three repeats is deleted in a patient with OHS, and that loss of this repeat abolishes expression if sufficient flanking genomic DNA is included in the reporter gene assay. These findings, together with the apparent lack of any other mutations in the MNK gene of the patient, suggest that OHS in this patient is due to a deletion of one of the 98 bp repeat sequences. Surprisingly, the 98 bp deletion does not result in a reduction in MNK expression although there is a profound effect on reporter gene synthesis. Both fibroblast and lymphoblastoid cell lines have levels of MNK mRNA comparable with that of control cell lines and equivalent in size. In a series of extensive experiments, we have investigated whether transcription initiation, termination, or splicing are aberrant in the patient's cells and have found no significant changes from the normal control. To date we have no explanation for this intriguing inconsistency. We must consider that the presence of MNK RNA in the patient's cultured cells may not accurately mirror what is happening in vivo. For example, one of the three potential MREs is deleted in the patient's DNA, and thus his gene may not have the normal response to metals.
Interestingly, another patient with OHS has been reported to have a deletion of sequences upstream of the transcription start site (Tumer,Z., Tonneson,T. and Horn,N., pers. comm.). By Southern blot analysis, the patient's deletion is clearly different from that described herein. In addition this patient has low MNK RNA by northern blot (B.Levinson, unpublished results). Future analysis of this patient may also lead to new insights into MNK regulation.
These findings provide the foundation for future investigations of the regulatory elements in the MNK gene. For example, the effects of the 98 bp deletion on genomic sequence can be examined in more detail. Is the specific 98 bp repeat sequence required to alleviate repression of gene expression, or does the sequence merely provide the proper spacing? Are the putative binding sites for transcription factors actually utilized? Is there an effect of copper on transcription and is it mediated through the potential MRE sites identified?
Previously, we reported that the MNK gene is widely expressed, with the transcript present in brain, muscle, lung, heart and spleen (9) . This nearly ubiquitous expression is consistent with the presence of a CpG island, which is often found in the 5′ region of 'housekeeping' genes. A notable exception to this pattern of expression of MNK is the liver, in which no MNK transcript is found. Thus, there must be elements in the regulatory region of the MNK gene which specifically turn off expression in the liver. Parallel studies on the regulatory region of the WD gene (associated with Wilson disease), which is expressed primarily in the liver, should lead to an interesting comparison of the regulation of these two copper-transporting ATPase genes.
MATERIALS AND METHODS
Probes
Four MNK cDNA probes were used in this study to screen Southern, northern and genomic libraries. The 155 bp 5′ probe consists of the MNK cDNA sequence from nucleotides 9 to 164 (9) 
Genomic library screening and sequencing
Phage clones (100 000) from an X-specific, human genomic library (ATCC cat. #5770) were screened with the nick-translated 32 P-labeled 155 bp probe. Two positive phage clones were isolated, plaque purified and DNA was prepared. A Southern blot of the BglII digested phage DNA was screened with the 155 bp probe and the positive 3.5 kb fragment was gel purified and cloned into a BamHI digested Bluescript KS (Stratagene) vector and partially sequenced using USB Sequenase 2.
Quantitative northern analysis
Five different amounts of total RNA derived from patient and control lymphoblastoid cell lines were run on a northern blot. The blot was hybridized to 32 P-labeled β-actin and MNK (7.2.2) probes and the bands were scanned and quantitated using an Alpha Innotech IS-1000 Digital Imaging System. The integrated densities of each band were plotted and the ratios of MNK to actin mRNA were derived from the slopes of the lines. The densities of the bands were linear with concentration of RNA.
5′ and 3′ RACE
To determine the MNK transcription start sites, poly(A)+ RNA was isolated from 10 7 fibroblast and lymphoblastoid cells using the Pharmacia QuickPrep Micro RNA Purification Kit. Poly(A)+ RNA (1 µg) was reverse-transcribed using the Invitrogen cDNA kit with a gene-specific, anti-sense primer GSP-RT (5′-CATTAG-TTGAAGTCAGAAGCG-3′) in exon 5 (20, 22) . The first strand was purified away from excess primers using a Qiagen PCR purification kit. A poly(A) tail was added to the first-strand cDNA product and amplified with GSP1 antisense (5′-CGATGAAGG-CTGAGCTATTAC-3′) and Primer Q o and Q t as described by Froman (19) . The product from this PCR reaction was diluted 1:20, and 1 µl was amplified with Q I and nested GSP2 antisense (5′-CTACCAACGGCTCATTCGTG-3′). The final product was shot-gun cloned using the Invitrogen TA cloning kit. The clones were sequenced with USB Sequenase 2.
The 3′ end of the human MNK transcript was isolated by RT-PCR, as described for 5′ RACE, using an oligo-dT primer for reverse transcription of the mRNA. The first-strand product was amplified using a GSP1 sense (5′-TTCACTCAGCAACCATGC-CC-3′) and the Q o primer (19) . The PCR product was diluted as above and amplified with a nested GSP-2 sense (5′-GCCGGTTCA-GACTCACCT-3′) and Q I primers. The PCR product was cloned and sequenced as for the 5′RACE.
cDNA sequencing
Poly(A)+ RNA, isolated from the patients cultured fibroblasts, was reverse-transcribed using the Invitrogen cDNA kit and random primers. The resulting cDNA was amplified in four domains using a series oligonucleotide primers as described by Das et al. (2) . These PCR products were cloned into a Invitrogen TA cloning vector and sequenced using an ABI prism T M 377 DNA sequencer.
Reporter gene constructs and expression studies
The CAT reporter constructs were prepared by inserting upstream sequences amplified from normal and OHS patient DNA using primers with PstI and HindIII restriction sites (sense primers 5′-CTGTAAAGCTTTTGCATACCGGAATCTTC-3′ and 5′-TCT-GAAGCTTACATCTGGAATTAGGCTA-3′, antisense primer 5′-AACTCTGCAGACCGTGGCAGCGA-3′) into the HindIII /PstI sites of the pCAT Basic expression vector (Promega). Each construct was prepared twice, once with Perkin-Elmer Amplitaq and once with a proofreading Taq polymerase (Ultima, Perkin-Elmer). The resulting colonies were screened directly by PCR to confirm presence of the correct insert, and the sequence was verified by DNA sequencing.
A293 cell lines were grown and maintained in DMEM + 10% fetal calf serum. 24 h before transfection, the cells were plated at a density of 1 × 10 5 cells per 35 mm plate. Each plasmid was transfected using Lipofectamine (GibcoBRL) into duplicate plates with a β-galactosidase (β-gal) plasmid cotransfected to control for transfection efficiency. Three control transfections involved either a no DNA negative control, a positive control of pCAT control plasmid (with CAT and a promoter), or a pCAT basic without an insert. The GibcoBRL lipofection protocol for 293 cells was followed, using 1 µg CAT plasmid DNA ± 0.2 µg β-gal plasmid DNA. Each experiment was repeated three times.
The plates were harvested 48 h after transfection and the cells incubated for 15 min at room temperature in 300 µl β-gal reporter lysis buffer (Promega). Cell lysates were spun at 14 000 r.p.m. for 3 min and the supernatant was used for assays of the amount of CAT produced, β-gal activity and total protein. Lysate (100 µl) from each plate was used in duplicate in the CAT ELISA kit (BMB) assay. β-Gal activity was determined by the Promega protocol using 50 µl of lysate. Protein determinations were done using the Biorad reagent. The CAT values were standardized by dividing by their respective β-gal values and corrected to 100 µg protein for each sample. Each transfection experiment was done twice using the two independently derived constructs.
